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Abstract
Inductively coupled plasma-mass spectrometry (ICP-MS) based assays lend themselves to
multiplexing due to the high resolution between mass channels, the sensitivity, and the reliability of
the technique. Here the potential of ICP-MS based protease assays is demonstrated with a quadruplex
assay of cysteine proteases and metalloproteases. Four orthogonal peptide substrates were
synthesized for the proteases calpain-1, caspase-3, MMP-9, and ADAM10. Each substrate carries a
biotin tag at the C-terminus and a DTPA-based lanthanide complex at the N-terminus. The results
demonstrate that this is simple and reproducible analysis technique with excellent correlation
between the single and the multiplex assay formats.
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Proteases play crucial roles in all biological systems ranging from non-specific catabolism to
specific signalling events. Disruption or acceleration of proteolysis of various protease
substrates is observed in many diseases, making protease activity an important biomarker and
a potential target for therapeutic intervention.1, 2 Proteases rarely act alone but function in a
‘protease web’ and thus, the multiplex analysis of many proteases in a single assay would aid
in the diagnosis of diseases through the identification of characteristic patterns of proteolytic
activity.3 Here we demonstrate a multiplex protease assay based upon lanthanide tagged
protease substrates and ICP-MS analysis. There have been successful examples reporting
multivariate bioassays for the detection of surface cell antigens4, glycoproteins5, and
proteins6, 7 using ICP-MS. The potential of ICP-MS based assays for multiplexed enzyme
assays has not yet been realized.

Recently, we demonstrated the use of a lanthanide-tagged protease substrate in a novel ICP-
MS based protease assay.8 Here we demonstrate that this ICP-MS assay can be readily adapted
to a multiplexed protease assay. A quadruplex assay of two cysteine proteases, calpain-1 and
caspase-3, and two metalloproteinases, MMP-9 and ADAM10, was carried out to demonstrate
the potential of the multiplexed assay for the simultaneous detection of four different families
of protease activity each with different requirements for activity.

The design of the multiplex protease assay using ICP-MS is shown in Scheme 1. The assay is
based on dual labeled peptide substrates that contain an N-terminal lanthanide chelate and a
C-terminal biotin tag. All of the protease substrates were readily synthesized using standard
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solid phase peptide synthesis techniques. Each substrate was designed to hold a lanthanide ion
by installing the general lanthanide chelator, diethylenetriaminepentaacetic acid (DTPA), at
the N-terminus. Four β-alanine residues were introduced between the N-terminal DTPA
chelator and the peptide substrate sequence. In our previous studies we observed that it was
necessary to place a short repeat of β-alanine residues between the DTPA-Ln complex and the
peptide substrate to ensure the DTPA ligand does not interfere with protease substrate
recognition.8 Fmoc-Lys(biotin)-OH was used during the solid phase synthesis to introduce a
biotin label at the C-terminus of the peptide substrates. The lanthanide metal ions were loaded
into the DTPA labeled substrates after peptide purification.

Significant knowledge about the substrate specificity of each of the four proteases investigated
here is available, and has been adapted to generate four orthogonal peptide substrates (Table
S1, supplementary material). The sequences of the peptide substrates were carefully selected
to avoid cross reactivity between the proteases. Members of the caspase family are known to
recognize the DEVD sequence according to the investigation of poly(ADP-ribose) polymerase
(PARP), which is a natural substrate. A substrate for caspase-3 was synthesized based on this
caspase's specific sequence.9 The synthesized calpain-1 substrate was based on the cleavage
site within α-spectrin, one of its natural substrates.10 The MMP-9 substrate contained the Gly-
Leu cleavable bond and is specific for MMPs.11 Finally, the ADAM10 substrate is based on
the cleavage sequence of CD23. This substrate is known to be specific for the ADAMs, but
can be cleaved by one of the MMPs (MMP-2).12 Each substrate was tagged with a different
lanthanide ion (Tb3+, Ho3+, Gd3+, or Tm3+).

The multiplex assays were carried out in a buffer at pH 7.5 which offered a good compromise
between the pH optima of the four proteases. The buffer also contained Ca2+, for calpain-1
activity, and Zn2+ for the metalloprotease activity. These divalent metals have significantly
weaker affinity for the DTPA chelator than the lanthanides and thus do not affect the elemental
tags on the protease substrates. The cysteine proteases, caspase-3 and calpain-1 require
reducing conditions for activity. However, MMPs are multidomain proteases of which many
contain disulfide bonds. Our initial studies showed that MMP-9 activity was dramatically
reduced in the presence of low concentrations of the reducing agents dithiothreitol or β-
mercaptoethanol. Similarly, all ADAMs contain an extracellular cysteine-rich domain before
their transmembrane domains. Several observations suggest that the cysteine-rich domain is
important for the biological activities of some ADAMs including cell adhesion, cell migration
and proteolytic function.13

To address this issue, the assay protocol was adjusted to allow for incubations to be carried out
under oxidizing and reducing conditions in a single multiplex assay. This was achieved by
starting the assay incubation in the absence of reducing agent to allow for metalloproteinase
activity, and then after a fixed time adding reducing agent followed by a second incubation
period. 8 M urea proved ideal for quenching the assays as it denatures all proteases while not
affecting the coordination chemistry of the DTPA ligand or denaturing streptavidin.14 After
removing any undigested substrate, the supernatant was diluted and the lanthanide metal
content was analyzed by ICP-MS. The type of lanthanide ion in the supernatant provides an
indication of the type of protease activity and the concentration of the ion is a direct measure
of the amount of protease activity present. All of the assays were run in triplicate. To estimate
the ICP-MS instrumental error, three samples from each separate assay were analyzed. The
instrumental error within an assay was generally within 3 %. The error bars (Fig. 1) from each
assay represent the standard deviation of the average of the three independent assays.

To test the conversion of each substrate the assays were initially run in a single format using
one protease and one substrate (lower four bars in each figure). Although a full kinetic
evaluation of each substrate was not carried out, activity comparable to that expected based on
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literature fluorescence assays of a given peptide sequence was observed (Figure 1A). It should
be noted that no additional optimization of these substrates was necessary, indicating the ready
extension of known protease substrates to this assay format.

The orthogonality of the substrates was evaluated in a multiplex format including one protease
with all the four elemental-tagged substrates (central four bar graphs in figure 1). Minimal
cross-reactivity was observed between the substrates. Calpain-1 showed the least cross-
reactivity with the other protease substrates. A small but significant hydrolysis of the calpain-1
substrate and to a lesser extent the ADAM10 substrate was observed with caspase-3 and
MMP-9. Finally, a multiplex format with a mixture of all four proteases and all four substrates
was run (top assays in each panel of Figure 1). Comparing the single and the multiplexed
formats, very similar responses were observed, validating the multiplex approach. The
similarity of the results between these assays clearly shows that there was no metal exchange
between the element tagged substrates over the course of the two hour assay and further
demonstrates the reproducibility of the assay.

To demonstrate the robustness of the assay to the presence of biological matrices, the assays
were performed in HeLa cell lysates spiked with the proteases (Fig. 1B). In spite of a more
complex medium, we observed reproducible results with a high correlation between the single
and multiplex assays. This assay also demonstrates that background protease activity in the
lysate can be detected, as a small amount of cleavage of the calpain-1 substrate was observed
in the control assay (top four bars Figure 1B). This is consistent with our previous study
showing that HeLa cell lysates have significant chymotrypsin-like activity.8 The calpain-1
substrate contains a Tyr∼Gly linkage which is susceptible to cleavage by chymotrypsin-like
enzymes.

Previously, the highest homogeneous multiplexing protease assay report was a duplex assay
based upon quantum dot systems.15 Impressive results have been achieved with using spatial
resolution of the substrates on a chip, channel, or droplet for more highly multiplexed assays.
16-18 Here we demonstrate that multiplexed assays can be achieved in a homogenous solution
using an ICP-MS based approach and thus the method directly benefits from the high
sensitivity, linearity and matrix robustness ICP-MS.19, 20 In addition to the obvious advantages
of reducing the analyte consumption and the labour involved, this approach also provides an
example of how multiplexed fingerprints of protease activity might be developed. In this work,
we used concentrations of proteases that exceed the normal protease levels encountered in
tissue and no attempts were made to reduce the protease levels. Future work will explore more
highly mutiplexed assays for the detection of proteases activities found in biological samples
of interest. In our work with antibodies and lectins, we have shown the advantage of using
polymeric elemental tags able to carry many copies of a given metal to improve the sensitivity
of the assay.4 Should greater sensitivity be required in this protease assay polymers could be
adapted to increase the amount of a lanthanide label on a protease substrate.
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Fig. 1.
Multiplex protease assays. A) Calpain-1 substrate (20 μM), caspase-3 substrate (10 μM),
MMP-9 substrate (10 μM), and ADAM10 substrate (20 μM) were incubated with calpain-1
(200 nM), caspase-3 (100 nM), MMP9 (50 nM) or ADAM10 (200 nM), components in each
assay are given on the y-axis. Reaction buffer used was, 50 mM Tris pH 7.5, 200 mM NaCl,
5 mM CaCl2, 20 μM ZnSO4, 0.05% Brij 35. Reactions were incubated for 1 hour at 37 °C
followed by the addition of freshly prepared DTT (10 mM) to all the tubes. After another hour,
the reaction was stopped by diluting the aliquots into 8 M urea (5 μL sample in 100 μL final
volume). The samples were processed and analyzed by ICP-MS. Each bar represents the
average of three separate assays analyzed in triplicate. Error bars represent ±SD of the three
independent assays. B) Conditions were identical those in A except HeLa cell lysate was added
to the buffer at a protein concentration of 100 μg/mL
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Scheme 1.
Scheme of the multiplex protease assay. The protease substrates are incubated singly or as a
mixture with either one protease or a mixture of four proteases. The undigested substrates were
separated from the digestion products by adding streptavidin agarose beads followed by
centrifugation. The supernatant was analyzed for lanthanide ion content by ICP-MS.
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